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Brassicaceae (Cruciferae), or mustard family, is a monophyletic group of about 321 
genera and some 3,660 species, which are assigned to 49 tribes, distributed worldwide comprise 
of the wide range of vegetables and economically important crops (Al-Shehbaz et al. 2012). The 
model organism Arabidopsis thaliana is also included in this family. Brassicacea family has a 
distinctive feature of their floral structure, four petals in a shape of cross. Worldwide distribution 
of Brassicaceae provides an excellent basis to perform various evolutionary and phylogenetic 
studies on various taxonomic levels (Koch and Kiefer 2006). This family has a huge genetic 
diversity and phylogeny from wild to cultivated type. There is a long history of their 
dimestication, which was appeared in old Chinese, Greek, and Indian literature.  
The genus Brassica is the most economically important genus of Brassicaceae family, 
containing 37 different species (Gomez-Campo 1980). This genus includes several important 
seed crops, such as oilseed and condiments oil. Brassica plants have also wide range of 
variations in edible organs including leafy, root, and flower type vegetables, as well as fodder 
and forage crops. These highly differentiated phenotypic variations of cultivars are unique 
characteristics to the genus Brassica. 
Three diploid species, B. rapa (A genome), B. nigra (B genome), and B. oleracea (C 
genome) of the genus Brassica were considered to be responsible for the origin of three 
amphidiploids species, B. carinata (n = 17, BC genome), B. juncea (n = 18, AB genome) and B. 
napus (n = 19, AC genome). This relationship, U’s triangle, was proposed by U (1935) based on 
the analyses of cross-compatibility and chromosome number. Although the relationship of U’s 
triangle was in part proven by DNA analysis, the entire relationship has not been proven because 
these species have self-incompatibility and can hybridize each other among species. 
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Brief history of diploids and amphidiploids in Brassica 
The usage of Brassica crops was recorded in some ancient civilized regions, such as the 
Mediterranean and Asia. Records showed that peoples of Ancient Greeks, Romans, Indians, and 
Chinese greatly ate and used these crops. Ancient Sanskrit literatures, Upanishads and 
Brahamanas written around 1500 BC, mentioned about Brassicas and Chinese Shih (551–479 
BC) referred to turnips (Keng 1974, Parkash and Hinata 1980). 
The tribe Brassiceae of Brassicaceae family represents a natural monophyletic group 
comprising several phylogenetic lineages (Lysak et al. 2005). Phylogenetic study, based on 
chloroplast ndhF gene, classified Brassicaceae tribe into three major lineages (I, II and III) 
(Beilstein et al. 2006). Later study conducted by internal transcribed sequence (ITS) of 45S 
rRNA gene propped up this classification (Bailey et al. 2006). Species of the Brassica genus are 
closely related to the A. thaliana, which also belongs the Brassicaceae family. Genus Brassica 
belongs to lineage II while Arabidopsis belongs to lineage I. Different studies have been 
conducted to propose the basic chromosome number for Brassicaceae genome.  
Comparative genetic mapping between the chromosomes of Arabidopsis thaliana and 
Brassica napus identified several conserved chromosome domains called as genomic blocks. 
Twenty-one genomic blocks were identified in this study (Parkin et al. 2005). Later this study 
was extended that combined these results with the comparative mapping of Arabidopsis lyrate 
and Capsella rubella and identified 24 genomic blocks and proposed Ancestral Crucifer 
Karyotype (ACK) with basic chromosome number n=8 for lineage (I, II and III). Comparative 
genomic mapping between Arabidopsis and Brassica species proposed that diploid Brassica 
species descended from a paleohexaploid ancestor (Lagercrantz 1998). Whole genome 
sequencing has opened a new avenue to unveil the complex evolutionary history of Brassicaceae 
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species. Sequencing of Arabidopsis genome has provided compelling evidence that there were 
three whole genome duplications, named γ, β and α, occurred and these paleopolyploidy have 
been considered important driving force in specie evolution and diversification in Brassicaceae 
family (Fawcett et al. 2009, Soltis et al. 2009).  
After the most recent α duplication, Brassica lineage diverged from Arabidopsis lineage 
at about 43 mya (Beilstein et al. 2010). This α duplication is thought to have pivotal role in the 
evolution of core Brassicaceae (Franzke et al. 2011). These data suggested that Brassica species 
had experienced whole genome triplication (Cheng et al. 2014). It is believed that another 
divergence event separated Brassica species into nigra lineage and rapa/oleracea lineage about 8 
mya (Lysak et al. 2005). Afterwards, rapa/oleracea lineage was split and then resulted in current 
three diploid species. The three current diploid species are thought to have undergone 
allotetraploidization among them. Three diploid species and the resulted three amphidiploid 
species constituted U’s triangle (U 1935). 
  Recent advances in whole genome sequencing of B. rapa (Wang et al. 2011) and B. 
oleracea (Town et al. 2006) have confirmed the whole genome triplication.  Two-step theory has 
been proposed that ancestral hexaploid was produced through two independent events: two 
diploid genomes first fused together to produce a tetraploid, followed by alloploidization with a 
third diploid species (Cheng et al. 2012). Thus, the extensive diversification of Brassica species 
in terms of morphology and characteristics could be attributed to this whole genome duplication 
and triplication which were probably involved in their chromosomal rearrangements and genetic 
reconstruction. 
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Brassica rapa (n=10) 
Although the exact time and place of domestication of B. rapa is unknown, Indian 
Sanskrit writings of 2000 to1500 BC. refer directly to oilseed rape and mustard as well as Greek, 
Roman and Chinese writings of 500 to 200 BC. (Downey and Robbelen 1989). Originally 
Brassica rapa was classified into two species Brassica rapa L. and B. campestris L., which were 
combined under B. rapa L (Metzger 1833). B. rapa was thought to have the origin in the 
Mediterranean area and extended its habitat to Scandinavia and Germany, central Europe, and 
ultimately towards Asia (Mizushima and Tsunoda 1967). This species was distributed in China 
through Mongolia and then reached Japan through China and Siberia. Therefore, wild types of 
this species were distributed widely from Europe to Central Asia (De Candolle 1886). The 
cultivated types, including various kinds of vegetables, were originated in these area and are now 
distributed throughout the world (Parkash and Hinata 1980). A wide range of genetic diversity in 
cultivars of this species has been acquired through hybridization among different morphotypes 
and ecotypes, 
There are three well defined groups of B. rapa based on their morphological 
characteristics: (1) the oleiferous or oil-type rape like canola (2) the leafy-type B. rapa, including 
the chinensis group (pak-choi, celery mustard), the pekinensis group (chinese cabbage), and the 
perviridis group (tendergreen); and (3) the rapiferous-type B. rapa, comprising the rapifera group 
(turnip, rapini), and the ruvo group (turnip broccoli, Italian turnip) (Prakash and Hinata 1980). 
Turnip is widespread from Mediterranean to central Asia as a weed in natural habitat. It had been 
eaten by people in the Neolithic era and domesticated as the first Brassica cultivar around 2,500–
2,000 BC. (De Candolle 1886, Hyams 1971). Although turnips (var. rapa) are grown around the 
world, Japan is one of the major area where  many varieties had been developed. Worldwide 
turnips can be classified into seven groups, such as Teltou turnips, West European turnips with 
6 
 
dissected leaves, Asia Minor and Palestine turnips, Russian turnips of Petrowski type, Asiatic 
turnips with dissected leaves of the Afghan type (and a subgroup of Asiatic turnips of the Afghan 
type with entire leaves), Japanese entire-leaved turnips with entire glabrous leaves, and European 
entire-leaved turnips with pubescent leaves (Sinskaia 1928). Shebalina (1968) had classified 
them into Asia Minor, Central Asia, Europe, Iraq, and Japan types.  
 
Brassica nigra (n= 8) 
B. nigra L. is well known as black mustard since the Greek civilization used its medicinal 
proprieties (Hippocrates 480 BC). This species is widespread in the Mediterranean basin and in 
some central Asian and Middle East areas and is cited as “mustard”. The proposed ancestor of B. 
nigra is Sinapis arvensis, which shows high homology in terms of nuclear DNA, plastid DNA, 
and proteins with B. nigra (Song et al. 1988, Poulsen et al. 1994).  
 
Brassica oleracea (n=9) 
Domestication of B. oleracea crop started in ancient Greek-speaking areas of the central 
and east Mediterranean areas (Maggioni et al. 2010). Snogerup (1980) subdiveded cultivated 
forms of B. oleracea into six groups, kale (var. acephala), cabbages (var. capitata, var. sabauda, 
var. bullata), kohlrabi (var. gongylodes), inflorescence kale (var. botrytis, var. italica), branching 
bush kales (var. fruticosa), and Chinese kale (B. alboglabra). He also suggested multiple origins 
of several B. oleracea crops, which were the Atlantic coast for cabbage and the Mediterranean 
basin for kale, broccoli, and cauliflower. Collards, cauliflower, broccoli, Brussels sprouts, 
kohlrabi, and cabbage all belong to B. oleracea, which was originated later than other Brassica 
diploid species. 
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Brassica carinata (n=17) 
Brassica carinata is considered to be an annual amphidiploid that resulted from 
hybridization between B. nigra and B. oleracea. It is a tall, leafy plant found almost exclusively 
in Ethiopia. The leaves are stripped off and eaten and the seed is pressed as a source of edible oil. 
B. carinata has a special importance for using as an energy crop for biofuel (Cardone et al. 2003) 
 
Brassica juncea (n=18) 
Brassica juncea is grown worldwide from India to central Asia, Europe, and North 
America. It is thought to be an amphidiploid species that originated by hybridization between 
two parental species B. nigra (L) and B. rapa L. Among amphidiploids, B. juncea seems to be 
originated earlier in comparison to B. carinata and B. napus. It is an important source of edible 
oil, vegetable, and condiment.  
 
Brassica napus (n=19) 
Brassica napus is considered to be an amphidiploid species which originated by 
hybridization between B. rapa and B. oleracea (U 1935). B. napus is the third most important oil 
seed crop in the worldwide and is economically very species which comprise of oilseed rape, 
rutabaga, fodder crops, and vegetables. B. napus is considered newly developed crop and has a 
short domestication history of about 400–500 years (Prakash and Hinata 1980). It is proposed 
to have the origin in southwest European or Mediterranean region (Sinskaia 1928). This 
species is thought to have polyphyletic origin (Palmer et al. 1983, Song et al. 1988, 1992, 
Hosaka et al. 1990).  
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Economic importance and breeding of Brassica species 
Brassica plants are categorized into oilseed, forage, condiment, and vegetable crops 
based on their edible organs such as buds, inflorescences, leaves, roots, seeds, and stems. Several 
morphotypes to be utilized different purposes belong to the same species. The principal 
vegetable species is B. oleracea, which includes vegetable and forage forms, such as kale, 
cabbage, broccoli, brussels sprouts, cauliflower. B. rapa is another very important specie which 
has different forms of vegetables such as turnip, Chinese cabbage (var. pekinensis), pak choi (var. 
chinensis), and mizuna?Turnip is a root and last three are leafy vegetables. Among the oil seed 
crops, four species, namely B. campestris, B. juncea, B. napus (rapeseed) and B. carinata belong 
to the genus Brassica. Oilseed Brassica is the third most valuable source of edible oils in the 
world, contributing approximately 13% of the total oilseed production (Banuelos et al. 2013). B. 
juncea is also consumed as vegetable in Asian countries. Seeds of B. nigra are used as condiment. 
Other than this, Brassica crops are important sources of fodder (e.g. fodder turnip) and dietry 
fiber.  
 
Molecular markers for Phylogenetic study 
Relationship among Brassica species have been studied at molecular level from different aspects 
like based on chloroplast DNA (Flannery et al. 2006), mitochondrial (Palmer and Herbon 1988), 
cytogenetical level and biochemical study (Dass and Nybom 1967). At nuclear level different 
studies have been conducted like using Random amplified polymorphic DNA (RAPD: Demeke 
et al. 1993), Amplified fragment length polymorphism (AFLP: Hansen et al. 2003, Takuno et at. 
2007), Restriction fragment length polymorphism (RFLP: Song et al. 1990, Song and Osborn 
1992), and Simple sequence repeat (SSR: Guo et al. 2014). Although these studies could reveal 
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partial relationships among six Brassica species, there was no available DNA marker that could 
explain the entire relationships of the triangle of U (U 1935).   
Advent of whole genome sequencing has opened a new gateway for the better 
understanding of origin and genome evolution in Brassica species (Town et al. 2006, Wang et al., 
2011). There are great genetic diversities within the genomes of three amphidiploid species 
because of multiple hybridizations among three diploid species and genomic modification after 
the chromosome doubling of interspecific hybrids (Wang et al. 2011). Therefore, it would be 
difficult to trace out phylogenetic lineages in Brassica species, if whole genomic sequences of 
six Brassica species were compared. 
This study focuses on the phylogeny of six Brassica species, which are members of U’s 
triangle, using a single-copy nuclear PolA1 gene, which encodes for the largest subunit of RNA 
polymerase I complex. It is known that DNA sequences of intron 19 and nucleotide tag (Ntag: 
corresponding to a coding sequence from exon 19 to exon 21) within PolA1 gene are less prone 
to genetic recombination during the meiosis in interspecific hybrids of Petunia (Zhang et al. 
2008), Oryza (Takahashi et al. 2009), and Triticum-Aegilops (Takahashi et al. 2010, Rai et al. 
2012). Although it remains to be understood why these sequences of PolA1 gene have scarcely 
genetically recombined, this property of PolA1 gene will be useful to trace the evolutionary 
lineage. In this study, two sequences of intron 19 and Ntag sequences within PolA1 gene were 
studied for elucidating the phylogeny of U’s triangle in Brassica species.  
 
 
 
 
 
10 
 
 
 
 
 
 
 
 
 
 
Chapter 2 
Analysis of PolA1 intron 19 and Ntag sequences reveals two 
ancestral lineages in the origin of the Brassica rapa complex and 
Chinese cabbage (B. rapa var. pekinensis) 
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Abstract 
Brassica rapa L. used to be classified into two species, Brassica campestris and B. rapa. 
These two species can cross with each other but no molecular marker exists to discriminate 
between them. Therefore, these two species are now combined into one species, B. rapa. 
Because nuclear genomes have been genetically recombined through repeated inter-specific 
hybridization, most DNA sequences have lost the characteristics unique to each species. Thus, in 
order to trace the evolutionary lineage, it is important to analyze a DNA sequence that rarely 
recombines during meiosis in inter-specific hybrids. Sequences of the nineteenth intron of the 
PolA1 gene in 33 accessions of B. rapa, encoding the largest subunit of RNA polymerase I, 
showed either short (S; 183 bp) or long (L; 242 bp) type sequences. Nucleotide tag (Ntag) 
sequences, protein-coding sequence (ca. 1.2 kb) from exons 19−21 of the PolA1 gene, in 20 
accessions were also classified into the same S- or L-types. Detailed sequence analysis showed 
that 13 single nucleotide polymorphisms (SNPs) in the 5’-half of Ntag sequence did not 
recombine between the S- and L-types. These data suggest that two ancestral lineages were 
present and were probably involved in the origin of Chinese cabbage because accessions of B. 
rapa var. pekinensis had PolA1 gene sequences of either the S- or L-type, or both. Two 
accessions of B. napus var. rapifera (2n = 38) showed both the S- and L-types of B. rapa (2n = 
20), indicating that this species might be an allotetraploid between the two ancestral lineages, 
followed by two chromosome deletions.  
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Introduction 
Brassica rapa L., a member of the family Cruciferae, shows high diversity in terms of its 
morphology and can be divided into three major types: oleiferous or oil-type (vars. oleifera, 
sarson, and toria), leafy type (vars. chinensis, narinosa, nipposinica, parachinensis, and 
pekinensis), and turnip type (var. rapa). Chinese cabbage is an important member, of this type 
consisting of headed (var. pekinensis) and non-headed types (var. chinensis). The rapiferous 
form, the third type, is dominated by turnip and can be sub-divided into vegetable and fodder 
turnips (Mizushima, 1980; Prakash and Hinata, 1980). It was suggested to be one of the oldest 
types of B. rapa (Siemonsma and Piluek, 1993).    
Linnaeus first described B. rapa as the turnip form and B. campestris as the wild weedy 
form, which were later combined into a single taxon under the name B. rapa by Metzger 
(Toxeopus et al., 1984). Because B. rapa has a genotypic self-incompatibility system, complex 
hybridizations among different cultivar groups have occurred to create a wide range of 
morphotypes; therefore it is difficult intricate to trace phylogenetic lineages. Although 
phylogenetic analysis using molecular markers such as Restriction Fragment Length 
Polymorphisms, Random Amplified Polymorphic DNAs, and Amplified Fragment Length 
Polymorphisms, divided most cultivars of B. rapa into two major clusters (Song et al., 1988; 
1990, Guo et al., 2014; He et al., 2003; Zhao et al., 2005; Takuno et al., 2007), the detailed 
relationships among different morphotypes and cultivar groups remain to be understood. 
Plastid DNA markers have frequently been used in phylogenetic studies to reveal speciation 
in such a complex species. However, no clear variation in plastid DNA was found between 
members of B. rapa (Flannery et al., 2006). Although sequence analysis of single-copy genes is 
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considered to be a straightforward way to analyze relationships between closely related species 
(Sang, 2002), single-copy gene, encoding highly-conserved housekeeping protein, can 
genetically recombine between alleles and still encode a functional protein.  
PolA1 is a nuclear gene that encodes the largest subunit of the RNA polymerase I complex. 
Although recent whole genome analysis of B. rapa accession Chiifu-401-42 indicated the 
triplicate origin of B. rapa (Wang et al., 2011), we have confirmed that the active PolA1 gene is 
single-copy. Analysis of intron 19 and nucleotide tag (Ntag) sequences in the PolA1 gene 
showed that recombination was a rare event during introgressive hybridization in Triticale-
Aegilops species (Nakamura et al., 2009; Rai et al., 2012). Ntag sequences are highly 
polymorphic and species-specific protein coding sequences located between highly conserved 
nucleotide border left (60 bp in exon 19) and nucleotide border right (48 bp in exon 21) 
sequences in the PolA1 gene (Rai et al., 2012).   
This study showed that two discrete intron 19 and Ntag sequences in the PolA1 gene were 
present in B. rapa, which supports evidence that two ancestral lineages were involved in the 
origin of the B. rapa complex and Chinese cabbage (B. rapa var. pekinensis). 
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Materials and Methods 
Plant material 
Thirty-three accessions covering nine varieties of B. rapa (Table I) were analyzed in this 
study. Most accessions were traditional cultivars, while three were commercial F1 cultivars of 
Chinese cabbage (var. pekinensis). Two accessions of B. napus var. rapifera (rutabaga) and one 
accession of B. oleracea (wild kale) were also analyzed along with B. rapa. We are grateful to 
Professor T. Nishio, Tohoku University Brassica Seed Bank, Sendai, Japan providing seeds of B. 
rapa and B. oleracea accessions.  
 
PCR amplification of intron 19 and Ntag sequences of the PolA1 gene 
Genomic DNA and cDNA were prepared from 50 mg of young leaf tissue of each accession 
using the CTAB method (Doyle and Doyle, 1990) and the SuperScript III Reverse Transcriptase 
kit (Life Technologies, Carlsbad CA, USA), respectively. Intron 19 sequence in the PolA1 gene 
was amplified from genomic DNA as a template using the primers 19int5P (5´-CTGCCCATT 
GCTGAAGGGGAAAAC-3´) and 19int3P (5´-TATGACGGACAGTTCCATACTCTT-3´), 
which were located on the exon 19 and exon 20, respectively (Figure 1).  
Nucleotide tag (Ntag) sequence stretches from exon 19 to exon 21 of the PolA1 gene 
between the conserved NBL (60 bp) and NBR (48 bp) sequences (Rai et al. 2012). The Ntag 
sequence was amplified using cDNA as a template and the primers 19ex5P (5´-AGGAGAGCCA 
TCAACACAGATGACG-3´) and 21ex3P (5´-TCCGCGTAGAGGTTCAAGTGTCTG-3´). PCR 
was performed using ExTaq DNA polymerase (TaKaRa Co., Shiga, Japan) according to the 
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manufacturer’s instructions. The thermocycling profile consisted of an initial denaturation step at 
94ºC for 3 min, followed by 35 cycles of denaturation at 94ºC for 1 min., annealing at 59ºC for 1 
min and extension at 72ºC of 2 min in a PTC200 thermocycler (MJ Research Inc., Waltham, MA, 
USA). 
 
Direct sequencing of the PCR products 
The amplified PCR products were subjected to 3% (w/v) agarose gel electrophoresis, then 
purified using the QIA quick PCR purification kit (Qiagen Inc., Valencia, CA, USA). The 
purified DNA was then sequenced directly using the same primers used for PCR amplification in 
an automated DNA sequencer (ABI310; Life Technologies) with a BigDye Terminator Cycle 
Sequencing Kit (Life Technologies).  
 
Data analysis 
The PolA1 intron 19 and Ntag sequences were aligned using CLUSTALW (Thompson et al., 
1994) and the alignment was then manually adjusted. Phylogenetic trees were drawn using the 
Neighbor-Joining method (Saitou and Nei 1987) with bootstrap analysis using 1,000 replicates 
under the pairwise deletion option in the MEGA5 software (Tamura et al., 2011).  
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Results 
Amplification of DNA fragments containing the intron 19 sequence of the PolA1 gene 
As shown in Table I, most accessions of B. rapa showed the S-type PCR product, whereas 
only a few accessions had the L-type amplicon (Figure 2A). ‘Tatsoi’ (var. narinosa) and ‘Atsumi 
kabu’ (var. rapa), a traditional leafy vegetable in China and a special turnip cultivated in slash-
and-burn agriculture in Japan, showed the L-type, respectively. Among 11 accessions of var. 
pekinensis, five showed S-type and five showed L-type. Although ‘Chirimen hakusai’ was a 
traditional cultivar, it had both S- and L-type amplicons. In addition, two accessions of B. napus 
var. rapifera had both S- and L-types, sizes of which were different from that of B. oleracea 
O169 (Figure 2B). 
 
Analysis of intron 19 sequence in the PolA1 gene  
Direct sequence analysis of 25 S-type and 7 L-type PCR products revealed 183 bp and 242 
bp of the intron 19 sequence, respectively (Figure 3). Surprisingly, all S- and L-type intron 19 
sequences were identical in length, respectively. The sequences of S- and L-type intron 19 were 
highly homologous, but differed by several deletions/insertions. The intron 19 sequence of B. 
oleracea was 221 bp in length. The DNA sequences of L-type ‘Tatsoi’ and S-type ‘Beni nabana’ 
intron 19 were deposited in DNA Data Bank of Japan (DDBJ) with the Accession Numbers 
LC010334 and LC010335, respectively.  
 
Analysis of Ntag sequences of the PolA1 gene 
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All 13 S-type Ntag sequences were 1,170 bp in length and highly homologous to each other. 
Of the seven L-types, two accessions (‘Tatsoi’ and ‘Atsumi kabu’) contained Ntag sequences of 
1,170 bp, whereas five L-type Ntag sequences of var. pekinensis shared the same 9-bp deletion, 
which encoded a stretch of three amino acids (KED). This characteristic deletion was also found 
in the Ntag sequence of B. oleracea O169. 
Phylogenetic tree showed that 20 Ntag sequences were classified into two discrete clusters, 
S- and L-type (Figure 4), corresponding to the S- and L-type of the intron 19 sequence, 
respectively. The Ntag sequence of B. oleracea O169 used as an out-group differed from S- and 
L-type Ntag sequences of B. rapa. The Ntag sequences obtained in this study were deposited in 
DDBJ databank with Accession Numbers LC004921 and LC005202 - LC005221. 
 
Detail analysis of recombination between S- and L-type Ntag sequences 
Out of 20 SNPs, found between S- and L-type Ntag sequences, only one SNP at the position 
of 430 bp was non-synonymous, S-type (Thr) vs L-type (Ala). Thirteen SNPs in the 5’ half of 
Ntag sequence were not recombined between S- and L-type Ntag sequence (Figure 5). And 5 
SNPs in the 3’ half were probably recombined by the frequency of 10-15%. Remaining two 
SNPs at the position of 447 bp and 996 bp were specific to ‘Hinona kabu’ and ‘Chiifu’, 
respectively. As mentioned above, the position of 9-base deletion found in Ntag sequences of var. 
pekinensis (L-type) and B. oleracea was indicated as ΔKED (Figure 5).    
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Discussion 
Presence of two ancestral lineages in B. rapa 
Although phylogenetic analysis using DNA markers suggested the presence of two major 
clusters in B. rapa (Song et al., 1988, 1990; Guo et al., 2014; He et al., 2003; Zhao et al., 2005; 
Takuno et al., 2007), no sequence specific to each cluster was yet identified. In fact, we had 
sequenced two single-copy nuclear genes, Elongation Factor G and Disrupted Mitotic cDNA 1, 
which were preferred for use in phylogenetic analysis (Petersen et al., 2006). These two genes, 
however, could not be analyzed by the direct sequencing method because their sequences 
contained many heterologous sites, most of which were synonymous changes (data not shown). 
We have found that two discrete types of the intron 19 sequence, along with Ntag sequence, 
of PolA1 gene presented in B. rapa (Figures 2, 3, 4, Table I). These results clearly indicate that 
two ancestral lineages or species existed in the past and were probably involved in the origin of 
the B. rapa complex through multiple hybridizations between the two lineages. This is the first 
molecular evidence to characterize the two ancestral species of B. rapa. The two ancestral 
species might be turnip rape-like forms in the Mediterranean area and ‘Tatsoi’-like weeds with 
flat rosettes and dark-green leaves in the regions of Central and East Asia, containing S- and L-
type PolA1 gene, respectively.  
 
Origin of Chinese cabbage 
Li (1981) suggested that Chinese cabbage (var. pekinensis) originated from the hybridization 
between turnip (var. rapa) and ‘Pak choi’ (var. chinensis) in China. However, all four accessions 
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of var. chinensis, including ‘Pak choi,’ had S-type PolA1 gene whereas accessions of var. 
pekinensis contained S- or L-type, or both (Figure 2A), This result indicates that Chinese 
cabbage was derived from the hybridization between S- and L-type ancestors. In addition, all L-
type Ntag sequences of var. pekinensis shared a 9-bp deletion, which was found in that of B. 
oleracea (Figure 5). This finding suggests that the L-type ancestor of var. pekinensis had been 
introgressed from B. oleracea and this event might be important in the origin of Chinese cabbage.  
 
Origin of Rutabaga 
Rutabaga, Swedish turnip, is now classified into B. napus var. rapifera based on the 
chromosome number (2n = 38). In this study, two accessions of Rutabaga had both S- and L-type 
PCR products, which was different from that of B. oleracea (Figure 2B). The result suggests that 
Rutabaga originated from amphidiploidization between the two ancestral lineages, having S- and 
L-type PolA1 genes, in B. rapa (2n = 20) followed by the deletion of two chromosomes. 
 
Non-recombinational feature of PolA1 intron 19 and Ntag sequences  
Genomic DNA sequences of plants are evolving through two different modes: natural 
mutation and genetic recombination. Phylogenetic analysis of the recombined genomic 
sequences, even whole genome, can reveal only the relatedness, not the phylogeny, among 
species. To exclude the effect of genetic recombination, only DNA sequences having not 
genetically recombined need to be analyzed to resolve the evolutionary route.  
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In this study, no genetic recombination of the intron 19 and the 5’ half of Ntag sequences 
was found between S- and L-type of PolA1 gene (Figures 3, 4). Rai et al., (2012) also reported 
that Aegilops speltoides maintained PolA1 intron 19 sequence derived from the progenitor in the 
genus Hordeum. Although the mechanism suppressing the recombination remains to be 
understood, analysis of non- or rarely-recombined sequence of PolA1 gene sheds light on the 
evidence of cryptic ancestral lineages.   
Because B. rapa has a self-incompatibility system, many traditional cultivars are easily 
contaminated through the out-crossing with wild plants or other cultivars. Seed companies are 
also spending much effort to maintain the purity of parental lines for seed production of the F1 
cultivars. Therefore, the length of the intron 19 and SNPs in Ntag sequence of PolA1 gene will 
provide a simple and practical system to check the purity of parental lines and seeds of F1 
cultivars of B. rapa.  
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Table 2-1   List of accessions of B. rapa used in this study. 
Species Group Name (Tohoku U. ID) Origin PI19 Ntag      DDBJ 
B. rapa  var. chinensis ‘Chingensai’ China S S      LC005206 
  ‘Pak choi’  China S S LC005211 
  ‘Shosai’ China S S LC005218 
  ‘Yukina’ (C333) Yamagata, 
Japan 
S S LC005214 
 var. narinosa ‘Tatsoi’ China L L LC005219 
 var. nipposinica ‘Mizuna’ Tokyo, Japan S   
 var. oleifera (C155) Canada S   
  ‘Pusa kalayani’ (C143) India S   
 var. 
parachinensis 
‘Beni nababa’  China S S LC005203 
 v . pekinensis ‘Aichi’ Aichi, Japan S S LC005202 
  ‘Beka na’  China S   
  (C256) Thailand S S LC005213 
  ‘Chiifu’ Korea L L LC005205 
  ‘Chirimen hakusai’ Nagasaki, 
Japan 
S & L   
  ‘Hiroshima na’  Hiroshima, 
Japan 
S S LC005207 
  ‘Mini hakusai’ _ F1 Sakata Seed 
Co. 
L L LC005208 
  ‘Muso’ _ F1 Takii Seed Co. L L LC005209 
  ‘Matsushima hakusai’ Miyagi, Japan L L LC005212 
  ‘Ohsho’_ F1 Takii Seed Co. L L LC005210 
  ‘Santo na’ China S S LC005217 
 var. rapa ‘Aka kabu’ Gifu, Japan S S LC004921 
  ‘Akane kabu’ (C482) Nagano, Japan S S LC005215 
  ‘Atsumi kabu’ (C472) Yamagata, 
Japan 
L L LC005204 
  ‘Hinona kabu’ Shiga, Japan S S LC005216 
  ‘Kanamachi kabu’  Tokyo, Japan S   
  ‘Kuretsubo kabu’ Iwate, Japan S   
  ‘Murasaki kabu’ Gifu, Japan S   
  ‘Oguni kabu’ (C470) Yamagata, 
Japan 
S   
  ‘Shogoin kabu’ Kyoto, Japan S   
  ‘Yorii kabu’ Niigata, Japan S S LC005220 
  ‘Toyama kabu’ (478) Toyama, 
Japan 
S   
 var. sarson  (C636) India S   
 var. toria  (C504) India S   
B. napus  var. rapifera ‘Rutabaga’ Fujita Seed 
Co. 
S & L   
  ‘Yellow turnip’ Fujita Seed 
Co. 
S & L   
B. oleracea wild Kale (O169) England   LC005221 
*Names in parentheses indicate accessions of the Tohoku University Brassica Seed Bank. PI19 shows S- or L-type 
of the intron 19 sequence of PolA1 gene. DDBJ shows accession number of the Ntag sequence in DNA Data Bank 
of Japan.  
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Fig. 2-1 Schematic representation of the positions of the primers used for PCR amplification and 
sequencing of intron 19 and Ntag sequences of the PolA1 gene in B. rapa. Intron 19 sequences were 
amplified using genomic DNA as a template and the primers 19int5P and 19int3P. The Ntag sequence 
stretches from exon 19 to exon 21 of the PolA1 gene between the highly conserved NBL and NBR 
sequences (Rai et al. 2012). The sequence of Ntag was determined using cDNA as a template and a pair 
of primers, 19ex5P and 21ex3P.  
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Fig. 2-2 Amplification of DNA fragments containing an intron 19 sequence of the PoA1 gene of B. rapa. 
Panel A: two different PCR products (S-type and L-type) were found among accessions of B. rapa. Lane 
M: molecular marker HaeIII-digested ΦX174 DNA, lane 1: ‘Murasaki kabu,’ lane 2: ‘Beka na,’ lane 3: 
‘Beni nabana,’ lane4: ‘Aka kabu,’ lane 5: ‘Tatsoi,’ lane 6: ‘Atsumi kabu,’ lane 7: ‘Muso,’ lane 8: ‘Mini 
hakusai,’ lane 9: ‘Chingensai,’ lane 10: ‘Shosai’ and lane 11: ‘Chirimen hakusasi.’ Panel B: Both S- and 
L-type PCR products were amplified in two accessions of rutabaga (B. napus var. rapifera). Lane M: 
ΦX174/HaeIII, lane 1: ‘Beka na’ (S-type), lane 2: ‘Atsumi kabu’ (L-type), lane 3: ‘Rutabaga,’(S- and L-
type), lane 4: ‘Yellow turnip’ (S- and L-type), and lane 5: B. oleracea O169. Asterisks indicate an artifact 
derived when both S- and L-type PCR fragments are present. 
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Fig. 2-3  Alignment of S- and L-type intron 19 sequences of the PolA1 gene in B. rapa.  Accessions of B. 
rapa had either S-type (183 bp) or L-type (242 bp), or both types of tintron 19, that were different in 
length from intron 19 (221 bp) in B. oleracea O169. Asterisks indicate the same nucleotide among the 
intron 19 sequences in S- and L-type of B. rapa, and B. oleracea. 
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Fig. 2-4  A phylogenetic tree based on 20 Ntag sequences of the PolA1 gene in B. rapa constructed by the 
Neighbor-Joining method in MEGA5 software using the bootstrap approach with 1,000 replicates. The 
Ntag sequences of 20 B. rapa accessions were clearly separated into two clusters, corresponding to S-type 
and L-type sequences in intron 19 of the PolA1 gene. One accession (O169) of B. oleracea was used as an 
out-group. Bar at the bottom of the tree indicates 0.005 substitution per site per year. 
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Fig. 2-5 Detailed analysis of genetic recombination between 13 S-type and 7 L-type Ntag sequences 
(1,170 bp) of the PolA1 gene of B. rapa. Out of 20 SNPs, 13 were located in the 5’− half of the Ntag 
sequence, along with intron 19, were found to be not recombined between S- and L-type Ntag sequences. 
Low level (10 – 15%) of the recombination was detected at 5 SNP sites. Only one SNP (at 430 bp) with 
an asterisk was non-synonymous change. Two SNPs (at 447 bp and 996 bp) were specific to ‘Hinona 
kabu’ and ‘Chiifu,’ respectively. The ΔKED (between 664 bp and 674 bp) indicates the deletion of 9 
nucleotides, encoding for Lys-Glu-Asp, of Ntag sequence, which was shared with L-type accessions of 
var. pekinensis and one accession (O169) of B. oleracea. 
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Chapter 3 
Phylogeny of PolA1 Gene Consistent with the Relationships of U’s 
Triangle in Brassica 
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Abstract 
 
The Brassica genus comprises various important species, of which three diploid species, 
B. rapa (A genome), B. nigra (B), and B. oleracea (C), yielded three different pair-wise 
amphidiploids: B. juncea (AB), B. napus (AC), and B. carinata (BC), showing the “triangle of U.” 
Although DNA sequences of many genes have been analyzed to reveal the relationships between 
A, B, and C genomes, the phylogeny of any single-copy nuclear gene has not supported the 
entire relationships of U’s triangle. Most nuclear genomic sequences of plants have genetically 
recombined between alleles in interspecific hybrids, while we recently found that intron 19 and 
nucleotide tag (Ntag) sequences of the single-copy nuclear PolA1 gene, encoding RNA 
polymerase I’s largest subunit, had rarely recombined during the introgressive hybridizations in 
Aegilops speltoides. Because phylogenetic analysis including recombined sequences cannot 
reveal the phylogeny before the recombination occurred, only analysis of non-recombinational 
DNA sequences can resolve the true evolutionary route. In this study, the phylogenetic 
relationships of the PolA1 gene in the six Brassica species were clearly consistent with U’s 
triangle. In addition, two groups of B. napus were shown divergently to have originated from the 
amphidiploidization between B. oleracea and two progenitors of B. rapa. 
 
 
Key Words: amphidiploid, non-recombinational sequence, RNA polymerase I largest subunit 
gene, single-copy nuclear gene. 
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Introduction 
The family Brassicaceae contains about 338 genera and 3709 species (Al-Shehbaz et al. 
2006). Three amphidiploid species, namely, B. juncea (2n = 36, AABB), B. napus (2n = 38, 
AACC), and B. carinata (2n = 34, BBCC), were derived from hybridization between diploid 
species, namely, B. rapa (2n = 20, AA), B. nigra (2n = 16, BB), and B. oleracea (2n = 18, CC) 
(Morinaga 1934, U 1935). U’s triangle hypothesis has been partly supported by various studies 
using different criteria, such as flavonoid composition (Dass and Nybom 1967), seed protein 
serology (Vaughan 1977), and isozymes (Takahata and Hinata 1986). The hypothesis has also 
been confirmed in part by several molecular studies using restriction fragment length 
polymorphism (Song et al. 1988), random amplified polymorphic DNA (Demeke et al. 1992), 
and plastid DNA (Flannery et al. 2006; Palmer et al. 1983). Sequence analysis, however, of any 
single-copy nuclear gene has not proven the phylogenetic relationships of U’s triangle in 
Brassica species. 
Because of the economic importance of Brassicaceae crops, extensive studies have been 
conducted to elucidate their chromosomal variations, cytological relationship, and inter-specific 
hybridization of different species (Mizushima 1980). It has also been suggested (Prakash and 
Hinata 1980) that the genome of the diploid species has evolved from an ancestral Brassica with 
n = 9. On the basis of its morphology (Prakash and Hinata 1980) cultivated B. rapa can be 
divided into two diverse groups, one in Europe and the other in South China. Homology between 
B. rapa (A genome) and B. oleracea (C genome) shows that they are the descendants of the same 
ancestor, distant to B. nigra (B genome) (Chevre et al. 1991, Song et al. 1988). 
Genomic DNA sequences of plants evolves through two different modes: 1) changes of 
DNA sequence by natural mutations, such as base substitution, insertion, and deletion, and 2) 
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genetic recombination between two different allelic DNA sequences during meiosis in an inter-
specific hybrid. In principle, phylogenetic algorithms have to analyze sequences derived from a 
common ancestral sequence, not genetically recombined sequences. The Brassica species were 
probably established through repeated inter-specific hybridizations (overviewed by Organization 
for Economic Cooperation and Development (OECD), 2012) and are of mesopolyploid origin 
(Wang et al. 2011). The phylogeny of no nuclear gene has been consistent with all relationships 
of U’s triangle. Therefore, we consider that only the analysis of DNA sequences with no genetic 
recombination can resolve the evolutionary route. 
PolA1 is a single-copy nuclear gene in the diploid genome of plants and encodes the largest 
subunit (POLA1) of RNA polymerase I complex. The PolA1 gene consists of 21 exons and spans 
approximately 9.0 kb in Arabidopsis thaliana, which is a model plant of the Brassicaceae family. 
Sequence polymorphisms of PolA1 intron 19 were found to be useful for revealing the 
phylogenetic relationships among species of Petunia (Zhang et al. 2008), Oryza (Takahashi et al. 
2009), Triticum-Aegilops (Takahashi et al. 2010). Rai et al. (2012) showed that Aegilops 
speltoides is an introgressive species because it maintains the intron 19 and nucleotide tag (Ntag) 
sequences of the PolA1 gene from its progenitor in the genus Hordeum. These results indicated 
that these sequences of the PolA1 gene have rarely recombined during the successive 
backcrosses by Triticum-Aegilops species.  
In this study, the intron 19 and Ntag sequences of the PolA1 gene were analyzed to reveal 
the relationship among three diploid and three tetraploid species, constituting members of the 
triangle of U in Brassica. 
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Materials and Methods 
Plant material and DNA extraction 
Twenty-eight accessions of Brassica comprising eight tetraploid and twenty diploid 
accessions were used in this study. Ten accessions of B. rapa (A genome), five accessions of B. 
nigra (B), and five accessions of B. oleracea (C) were analyzed (Table 1). For amphidiploid 
species, four accessions of B. napus (AC), two accessions of B. juncea (AB), and two accessions 
of B. carinata (BC) provided from the Brassica Seed Collection of Tohoku University were used.  
Approximately 100 mg of young leaves were frozen in 2 ml plastic tubes with liquid 
nitrogen and crushed into a fine powder using MULTI-BEAD SHOCKER (Yasui Kikai Co., 
Osaka, Japan). Genomic DNA was extracted using the CTAB method (Doyle and Doyle, 1987). 
 
Amplification and analysis of intron 19 sequence of PolA1 gene 
The DNA fragments containing the intron 19 sequences were amplified by PCR using 
primers, 19int5P and 19int3P, located on exons 19 and 20 of the PolA1 gene, respectively (Fig. 
1). PCR amplification was performed with ExTaq DNA polymerase (TaKaRa Co., Shiga, Japan) 
according to the manufacturer’s instructions. The thermocycling profile consisted of an initial 
denaturation step at 94ºC for 3 min, followed by 35 cycles of denaturation at 94ºC for 1 min, 
annealing at 59ºC for 1 min, and extension at 72ºC for 2 min in a PTC200 thermocycler (MJ 
Research Inc., Woburn, MA, USA). The amplified PCR products were subjected to 2% agarose 
gel electrophoresis and purified using a PCR purification kit (Qiagen Inc., Valencia, CA, USA).  
The purified PCR products of diploid species were sequenced directly using the same 
primers as used for PCR amplification in an automated DNA sequencer (ABI310; Life Technologies, 
Carlsbad, CA, USA) with a BigDye Terminator Cycle Sequencing Kit (Life Technologies). For 
amphidiploid genome species, PCR products were amplified using a pair of primers, 19int5P and 
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19int3P. The purified PCR product was cloned into the pUC19 plasmid and five clones were 
sequenced using the M13 RV sequencing primer. 
 
Analysis of Ntag sequence of PolA1 gene and RT-PCR of genome-specific cDNA fragments 
As shown in Fig. 1, the Ntag sequence is a protein-coding sequence delimited between 
highly conserved NBL (60 bp in the 19th exon) and NBR (48 bp in the 21st exon) sequences of 
the PolA1 gene (Nakamura 2010, Rai et al. 2012). Total RNA was extracted from leaves by 
using Plant RNA Reagent (Life Technologies) followed by DNase treatment. RT-PCR was 
carried out using Invitrogen Superscript III Reverse Transcriptase kit (Life Technologies). The 
Ntag sequence (ca. 1.2 kb) was amplified using cDNA as the template and primers, 19ex5P and 
21ex3P (Table 2), and determined by direct sequencing using the same primers. RT-PCR was 
also employed to analyze the expression of each PolA1 gene in three tetraploid species using 
three different genome-specific primers (RapRT5P, OleRT5P, and NigRT5P) and one common 
primer (ABCRT3P), located on exons 20 and 21, respectively (Fig. 1).  
 
Phylogenetic analysis of intron 19 and Ntag sequences of PolA1 gene 
PolA1 intron 19 sequences of Brassica species were aligned using Genetyx Software ver. 
15.05 (Software Development Co., Tokyo, Japan). The determined Ntag sequences were aligned 
using CLUSTALW (Thompson et al.1994). Phylogenetic trees of intron 19 and Ntag sequences 
were constructed by the UPGMA and neighbor-joining methods (Saitou and Nei 1987) with 
bootstrap analysis using 1000 replicates of MEGA5 software (Tamura et al. 2011), respectively. 
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Results 
Amplification of DNA fragment containing intron 19 of PolA1 gene 
Amplified PCR products of the intron 19 sequences showed four differently sized bands in 
the three diploid Brassica species (Fig. 2). Accessions of B. rapa (A genome) had either the 
Rapa-L or the Rapa-S band. The Rapa-L band was found in ‘Tatsoi’ of var. narinosa, ‘Atsumi 
kabu’ of var. rapa, and two accessions of var. pekinensis, whereas the remaining accessions of 
vars. chinensis, parachinensis, pekinensis, and rapa showed the Rapa-S band (Table 1). Brassica 
nigra (B genome) had the smallest band (Nig), while B. oleracea (C genome) showed the second 
largest one (Ole).  
Four accessions of B. napus (AC genome) showed two bands, the sizes of which were 
identical to either the Rapa-L or the Rapa-S band of B. rapa and the Ole band of B. oleracea, 
although the additional largest band was an artificial PCR product, which was probably made 
from two other PCR products (Fig. 2). Two accessions of B. carinata (BC genome) had two PCR 
products of the Nig band of B. nigra and the Ole band of B. oleracea, while two accessions of B. 
juncea (AB genome) contained the Rapa-S band of B. rapa and the Nig band of B. nigra.  
 
Alignment of P119 sequence among the three diploid species 
PolA1 intron 19 sequences were aligned among two accessions, ‘Tatsoi’ (Rapa-L) and 
‘Yukina’ (Rapa-S), in B. rapa, one accession (Ni138) in B. nigra, and one accession (O169) in B. 
oleracea (Fig. 3). These four sequences were highly homologous at both ends, but differed in 
length due to various insertions and deletions. Interestingly, all intron 19 sequences of diploid 
and tetraploid species showed four particular lengths, that is, Rapa-L (242 bp), Rapa-S (183 bp), 
Ole (221 bp), and Nig (111 or 112 bp), as listed in Table 1.    
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Similarities of PolA 1intron 19 sequences in Brassica species 
In order to analyze the similarity of the intron 19 sequences, a phylogenetic tree was 
constructed using the UPGMA option in MEGA5 software (Fig. 4). The intron 19 sequences of 
B. rapa were clearly classified into two groups, Rapa-L and Rapa-S. The Rapa-L, Rapa-S, and 
Ole groups contained 6, 10, and 11 intron 19 sequences, which shared high homology. In 
contrast, 8 intron 19 sequences of the Nig group were divided into three subgroups, Nig1, Nig2, 
and Nig3. The sequences of the Rapa-L group had closer relationships with those of the Ole 
group than the Rapa-S group. 
Two accessions (N117, N127) of B. napus had two intron 19 sequences, which belonged to 
the Rapa-L and Ole groups while the other two accessions (N131, N135) contained the two 
sequences of the Rapa-S and Ole groups (Fig. 4). Two accessions (J113, J149) of B. juncea had 
the two sequences of the Rapa-S and Nig3 groups. One accession (Ca105) of B. carinata showed 
the two sequences of the Ole and Nig1 groups. Only one sequence of the Ole group could be 
determined in the Ca112 accession. 
 
Phylogenetic relationships among Ntag sequences in Brassica species 
The neighbor-joining tree of Ntag sequences indicated that 10 accessions of B. rapa were 
clearly separated into two groups, Rapa-L and Rapa-S (Fig. 5). Although there were several 
polymorphisms among Ntag sequences within the Rapa-L and Rapa-S groups, only one non-
synonymous substitution was found between Rapa-L (Ala) and Rapa-S (Thr), except for a 9-base 
deletion found in the Rapa-L group. The Ntag sequences of B. oleracea showed closer 
relationships with those of Rapa-L and Rapa-S than B. nigra. The Ntag sequence of Raphanus 
35 
 
sativus was closely related to three Brassica species when Eutrema salsugineum was used as an 
outgroup. 
 
Variations of Ntag sequences of PolA1 genes 
Highly polymorphic alignment among Ntag sequences (600 bp to 680 bp) of three diploid 
Brassica species is shown in Fig. 6. The Ntag sequences of ‘C482’ (Rapa-S group) and ‘Tatsoi’ 
(Rapa-L group) were identical in this region. Two accessions, ‘Chiifu’ and ‘Matsushima hakusai’ 
(Rapa-L group), of Chinese cabbage (B. rapa var. pekinensis) had Ntag sequences homologous 
to that of ‘Tatsoi,’ but they shared a 9-base deletion, encoding three amino acids, Lys-Glu-Asp, 
which was also shared with two accessions (O162, O169) of B. oleracea. Two accessions (N116, 
N138) of B. nigra had two species-specific deletions (12 bases and 3 bases). On the basis of 
these sequence polymorphisms, three RT-PCR primers, RapRT5P, OleRT5P, and NigRT5P (Fig. 
1, Table 2), were designed to amplify mRNA from the genome-specific PolA1 genes of B. rapa, 
B. oleracea, and B. nigra, respectively. 
 
RT-PCR of genome-specific PolA1 mRNA.  
As shown in Fig. 7, three different RT-PCR products that were A-genome-specific 337 
bp (B. rapa), B-genome-specific 359 bp (B. nigra), and C-genome-specific 325 bp (B. oleracea) 
were amplified by RT-PCR using three 5P primers (RapRT5P, OleRT5P, and NigRT5P) and a 
common 3P primer (BraABCRT3P). In the three amphidiploid species, two RT-PCR products 
were amplified in B. napus with a combination of A- and C-, in B. carinata with a combination 
of B- and C-, and in B. juncea with a combination of A- and B-genome-specific bands. The 
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combinations of genome-specific RT-PCR products from the PolA1 gene in the three 
amphidiploid species were consistent with the relationships of U’s triangle. 
 
 
Discussion 
Particular length of intron 19 sequence of PolA1 gene 
Whole genome sequencing analysis of B. rapa and B. oleracea indicated that three Brassica 
diploid species had triplicated genomes, which originated from inter-specific hybridizations 
among three ancestral species (Town et al. 2006, Wang et al. 2011). If the three ancestral species 
were involved in the origin of diploid Brassica species, two PolA1 genes had been lost during 
the speciation. In this study, B. oleracea and B. nigra showed particular lengths, 221 bp (Ole) 
and 111-112 bp (Nig), of the intron 19 sequence of the PolA1 gene, respectively, whereas B. 
rapa had two discrete lengths, 183 bp (Rapa-S) and 242 bp (Rapa-L), of the intron 19 sequence 
(Table 1). These results suggest that the intron 19 sequences had not been genetically 
recombined among the three ancestral PolA1 genes during the origin of the three diploid 
Brassica species.  
Although the additional band was an artificial PCR product (Fig. 2), an accession (Ca105) of 
B. carinata (BC genome) had two bands of Ole (221 bp) and Nig1 (111 bp), as listed in Table 1. 
Two accessions (J113, J472) of B. juncea (AB genome) showed two PCR products, Rapa-S (183 
bp) and Nig3 (112 bp), whereas two accessions (N117, N127) of B. napus (AC genome) had two 
PCR products, Rapa-L (242 bp) and Ole (221 bp), and two other accessions (N131, N135) 
showed two PCR products, Rapa-S (183 bp) and Ole (221 bp). This result indicates that B. napus 
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has diphyletic origins, which was also suggested by an analysis of the S-locus gene (Okamoto et 
al. 2007).  
The overall composition of the intron 19 sequences in the six Brassica species was clearly 
consistent with the entire relationships of the triangle of U (U 1935). In addition, we found that 
two groups of B. napus divergently originated through the amphidiploidization between B. 
oleracea and two groups (Rapa-S or Rapa-L) of B. rapa. This result indicated that the intron 19 
sequence of the PolA1 gene was not recombined during the amphidiploidization and is a useful 
DNA marker to resolve the origin of amphidiploid species, such as Brassica tetraploid species.  
 
Variations of Ntag sequence of PolA1 gene 
In contrast to the intron 19 sequences, Ntag sequences of the Rapa-L group had closer 
relationships to those of the Rapa-S group than the Ole group (Fig. 5). B. rapa complex  
originated from inter-specific hybridization between two closely related progenitors. Out of 4 
accessions of B. rapa var. pekinensis, two accessions belonged to the Rapa-S group and the 
remaining two accessions, ‘Chiifu’ and ‘Matsushima hakusai’, had the Rapa-L-type Ntag 
sequence with a 9-base deletion, which was shared with two accessions of B. oleracea (Fig. 6). 
These results suggest that Chinese cabbage probably originated from hybridization between 
Rapa-S- and Rapa-L-type progenitors, and the Rapa-L-type progenitor might have been 
introgressed by B. oleracea. 
 
RT-PCR analysis of PolA1 mRNA 
On the basis of polymorphisms found in the Ntag sequences of PolA1 genes among B. 
rapa, B. oleracea, and B. nigra (Fig. 6), RT-PCR was conducted to amplify the genome-specific 
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cDNA fragment from each PolA1 gene. Single RT-PCR product of A-genome-specific (337 bp), 
B- genome-specific (359 bp), and C-genome-specific (325 bp) were amplified in B. rapa, B. 
nigra, and B. oleracea, respectively (Fig. 7). This result also suggests that the active PolA1 gene 
is a single copy in each diploid species.   
Two RT-PCR products that were A- and C-genome-specific, B- and C-genome-specific, 
and A- and B-genome-specific were detected in B. napus, B. carinata, and B. juncea, 
respectively. This single gel picture clearly supported all relationships of U’s triangle. These 
findings showed that two genome-specific PolA1 genes were expressed in each of the three 
amphidiploid species. 
Brassica rapa has substantial polymorphism due to its diverse background and wide 
geographical distribution. Nishi (1980) proposed that primitive-type B. rapa originated in Europe, 
migrated to Asia, and then differentiated from its primitive type. It was observed that B. rapa 
exhibited more variability in both nuclear and mitochondrial DNA than B. oleracea. In this study, 
as two types of PolA1 genes were found in B. rapa, this species was suggested to have originated 
from hybridizations between two progenitors, Rapa-L and Rapa-S groups. This probably 
explains why B. rapa shows wide variations.  
Although the Brassica species have evolved through inter-specific hybridizations and 
chromosome doubling, the intron 19 and Ntag sequences of the PolA1 gene have rarely 
genetically recombined, the reason for which remains to be resolved. The nucleotide sequence of 
a single-copy nuclear gene is useful as a constructive marker to evaluate phylogenetics. Single-
copy genes, however, usually encode housekeeping proteins that are highly conservative. Thus, 
housekeeping genes that have genetically recombined by inter-specific hybridization can still 
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encode the functional protein. Therefore, most single-copy genes except the PolA1 gene have 
probably recombined during the evolution of the Brassica species. 
In this study, the phylogeny of the PolA1 gene was consistent with all relationships of the 
triangle of U (Fig. 8). In addition, it suggests that B. rapa originated from the hybridization 
between two progenitor species, which were independently involved in the origin of B. napus. 
Combined analysis of the PolA1 gene and entire genome sequences should contribute to 
resolution of the introgressive speciation, which is probably a more common mechanism of plant 
evolution than geographical speciation.  
 
 
 
 
 
 
 
 
 
 
 
 
40 
 
Table 3-1. List of accessions used in this study. 
Species Variety Name (Tohoku U. IDZ) Origin Int19Y (DDBJX) Ntag (DDBJX) 
B. rapa (A) var. narinosa ‘Tatsoi’ China 242 (LC010334) LC005219 
 var. parachinensis ‘Beni nababa’  China 183 (LC010335) LC005203 
 var. chinensis ‘Pak choi’  China 183 (LC010336) LC005211 
 - ‘Yukina’ (C333) China 183 (LC010337) LC005218 
 var. pekinensis ‘Aichi’ Japan 183 (LC010338) LC005202 
 - ‘Chiifu’ Korea 242 (LC010339) LC005205 
 - ‘Matsushima hakusai’ Japan 242 (LC010340) LC005212 
 - ‘Santo na’ China 183 (LC010341) LC005217 
 var. rapa ‘Akane kabu’ (C482) Japan 183 (LC010342) LC005215 
 - ‘Atsumi kabu’ (C472) Japan 242 (LC010343) LC005204 
B. nigra (B)  (Ni116) Ethiopia 111 (LC010344) LC010369 
  (Ni121) Ethiopia 112 (LC010345)  
  (Ni138) Algeria 112 (LC010346) LC010370 
  (Ni145) Turkey 112 (LC010347)  
  (Ni149) Turkey 111 (LC010348)  
B. oleracea (C)  (O162) Spain 221 (LC010349) LC010371 
  Wild kale (O169) England 221 (LC010350) LC005221 
 subsp. robertiana (O171) Spain 221 (LC010351)  
 var. acephala (O172) USA 221 (LC010352)  
 var. alboglabra (O201) USSR 221 (LC010353)  
B. napus (AC)  ‘Wasechousen’ (N117) Japan 221 (LC010355), 242 (LC010354) 
  ‘Okutena’ (N127) Japan 221 (LC010357), 242 (LC010356) 
  ‘Murasakinatane’ (N131) Japan 183 (LC010358), 221 (LC010359) 
  ‘Mihonatane’ (N135) Japan 183 (LC010360), 221 (LC010361) 
B. juncea (AB)  (J113) India 112 (LC010362), 183 (LC010363) 
  (J473) Canada 112 (LC010364), 183 (LC010365) 
B. carinata (BC)  (Ca105) Ethiopia 111 (LC010366), 221 (LC010367) 
  (Ca112) Ethiopia 221W (LC010368) 
Raphanus sativus (out-group) ‘Aokubi S-h’ Japan 114 BAUK01007047 
Eutrema salsugineum (out-group)  China 214 AHIU01008518 
Z Names in parentheses indicate accessions of the Tohoku University Brassica Seed Bank. Y Int19 shows length (bp) 
of the intron 19 sequence of the PolA1 gene. X DDBJ shows accession numbers of the intron 19 and Ntag sequences 
in the DNA Data Bank of Japan. W only longer fragments could be cloned in Ca112. 
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Table 3-2. Sequences of primers used in this study. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Name Primer sequence 
19ex5P 5´-AGGAGAGCCATCAACACAGATGACG-3´ 
20ex5P 5´-GGTGCAGATGAACAGAAACGGAAG-3´ 
20ex3P 5´-CTGCTCATCTGTTGCTTGCTTCTT-3´ 
21ex3P 5´-TCCGCGATGAGGTTCAAGTGTCTG-3´ 
19int5P 5´-CTGCCCATTGCTGAAGGGGAAAAC-3´ 
19int3P 5´-TATGACGGACAGTTCCATACTCTT-3´ 
M13 RV 5´-CAGGAAACAGCTATGACC-3´ 
RapRT5P 5´-GAAGAGACCCCGGAGGAAGATAAG-3´ 
OleRT5P 5´-GATACCCCGGAGGAAGATACCTTG-3´ 
NigRT5P 5´-CATGGATGATGATGAGGAGGTTAG-3´ 
ABCRT3P 5´-TGGAGATCTCTGCTCTCTCCTTTG-3´ 
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Fig. 3-1 Schematic representation of the positions of the primers used for PCR amplification and 
sequencing of intron 19 and the Ntag sequences of the PolA1 gene.  Intron 19 sequences were amplified 
using genomic DNA as a template and the primers 19int5P and 19int3P. The Ntag sequence stretches 
from exon 19 to exon 21 of the PolA1 gene between the highly conserved NBL and NBR sequences (Rai 
et al. 2012). The sequence of Ntag was determined using cDNA as a template and the primers 19ex5P and 
21ex3P. Genome-specific cDNA fragments were amplified using genome specific 5P primers: RapRT5P 
(A genome), NigRT5P (B), and OleRT5P (C), and a common 3P primer: ABCRT3P. 
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Fig. 3-2 Amplification of DNA fragments containing the intron 19 sequence of the PolA1 gene 
in diploid and tetraploid Brassica species. 1: B. rapa ‘Tatsoi’, 2: B. rapa ‘Akane kabu’, 3: B. 
nigra Ni116, 4: B. oleracea O162, 5: B. napus N127, 6: B. napus N131, 7: B. juncea J473, 8: B. 
carinata Ca105, M: molecular marker (øX174 DNA HaeIII digested). B. rapa showed two 
different bands, Rapa-L and Rapa-S. Asterisks indicate an artifact derived from when two different 
PCR fragments are present together. 
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Fig. 3-3  Alignment of the intron 19 sequence of PolA1 among three diploid Brassica species. Rapa-L 
(242 bp): B. rapa ‘Tatsoi’, Rapa-S (183 bp): B. rapa ‘Yukina’, Nig (112 bp): B. nigra Ni138, Ole (2121 
bp): B. oleracea O169. These intron 19 sequences were highly homologous at both ends, but differed in 
length in their internal region due to various insertions or deletions. 
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Fig. 3-4 Phylogenetic tree based on the intron 19 sequence of the PolA1 gene of diploid and 
tetraploid Brassica species was constructed by the UPGMA method using MEGA5 software 
with bootstrap analysis using 1,000 replicates. All intron 19 sequences from diploid and 
tetraploid species were clearly classified into four groups, Rapa-L, Rapa-S, Nig, and Ole. 
Although the Nig group was classified into three subgroups (Nig1, Nig2, and Nig3), the other 
three groups were highly homologous. Because the intron 19 sequences differed markedly in 
length, the UPGMA tree was constructed to analyse their similarities within each group. 
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Fig. 3-5 Phylogenetic tree based on the Ntag sequence of B. rapa, B. oleracea, and B. nigra 
accessions using the neighbor-joining method. Accessions of B. rapa were clearly divided into 
two groups. Raphanus sativus and Eutrema salsugineum are used as outgroups. 
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Fig. 3-6 Alignment of highly polymorphic Ntag sequence (600 bp to 680 bp) of PolA1 genes 
among B. rapa (C482, ‘Tatsoi’, ‘Chiifu’), B. oleracea (O162, O169), and B. nigra (Ni116, Ni 
138). Although C482 (Rapa-S) and ‘Tatsoi’ (Rapa-L) showed the same sequence, ‘Chiifu’ 
(Rapa-L) of B. rapa var. pekinensis shared the same 9-bp deletion, corresponding to the three-
amino-acid sequence Lys-Glu-Asp, with two accessions (O162, O169) of B. oleracea. Two 
accessions (Ni116, Ni138) of B. nigra had two species-specific deletions. Arrows indicate primer 
sequences (from top, RapRT5P, OleRT5P, and NigRT5P) to amplify genome-specific cDNA 
fragments using RT-PCR (see Fig. 1). 
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Fig. 3-7 Amplification of genome-specific RT-PCR products of PolA1 cDNA, A-genome (337 
bp), B-genome (359 bp), C-genome (325 bp). 1: B. rapa C482, 2: B. oleracea O162, 3: B. nigra 
Ni116, 4: B. napus N135, 5: B. carinata Ca105, 6: B. juncea J113. Amphidiploid species, B. 
napus, B. carinata, and B. juncea, had two bands in the combinations of B. rapa + B. oleracea, B. 
nigra + B. oleracea, and B. rapa + B. nigra, respectively. These relationships were clearly 
consistent with U’s triangle. 
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Fig. 3-8 The phylogenetic relationships of PolA1 genes in three diploid Brassica species, B. rapa 
(A-genome), B. nigra (B-genome), B. oleracea (C-genome), and three amphidiploid species, B. 
napus (AC), B. juncea (AB), and B. carinata (BC), are consistent with the triangle of U (U, 
1935). In addition, B. rapa was divided into Rapa-L and Rapa-S groups, which were 
independently involved, with B. oleracea, in the diphyletic origins of B. napus. 
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Chapter 4 
General discussion and conclusion 
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Phylogeny is the evolution of genetically related group of organisms. It is a study of 
relationships between collections of things (gene, protein) that are derived from a common 
ancestor. Thus the principle of phylogenetic study relies on analysis of similarities and 
differences among biological entities that can be used to infer the evolutionary history of those 
entities. Relationships inferred from these relationships are depicted as branching trees.  
Previously most of the phylogenetic studies were conducted from morphological 
characters but now with the advent of sequencing technology, focus of study is phylogenetic 
inference from DNA sequence analysis which is of course far better approach but still not 
flawless. Mechanisms of genome evolution through gene duplications, recombinations, and 
various types of mutations require making prudent choice of target gene or sequence that is 
suitable for phylogenetic analysis. 
 
History of phylogenetic analysis 
The history of phylogeny goes back to Carl Linnaeus (1707-1778), a Swedish naturalist 
who created taxonomic nomenclature used in biology. He classified many plant and animals in 
Europe and other parts of world. He classified them according to degree of morphological 
similarity. Afterward, the first theory of evolution had proposed by Lamarck (1774-1829). 
According to him, resemblance among organisms is due to evolution from a common ancestor 
and environment that surrounds organism induces changes which are heritable. Unfortunately, 
his theory is now considered to be incorrect. Subsequently, the natural selection theory presented 
by Charles Darwin (1809-1882) is still accepted as the mechanism of evolution. Natural selection 
is Darwin’s most famous theory; it states that evolutionary change comes through mutation and 
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these mutants have different fitness or survival value. Mutants, which have higher fitness value, 
are selected to inherit to next generation. 
 
Darwin’s theory of natural selection 
According to Darwin’s theory of evolution that variations in traits exist among 
individuals within a population, these variations can be passed from one generation to the next 
generation through inheritance, and that some forms of inherited traits provide individuals a 
higher chance of survival and reproduction than others. 
The term phylogeny was first coined by a German biologist Ernst Haeckel (1834–1919) 
in 1886. He took idea from Darwin that natural systems should be represented as a genealogical 
tree. Founder of modern phylogenetics is Willi Hennig (1913-1976), German biologist. He 
developed the theory behind the current methods of understanding of evolutionary histories. 
 
Neutral theory 
According to neutral theory, every mutation has been occurred at the same frequency in 
spite of its fitness value (Kimura, 1968). The word ‘neutral’ describes that frequency of 
mutations having advantageous, neutral, and disadvantageous fitness happens equivalent rate. If 
natural selection were true evolutionary mechanism, frequencies of non-synonymous mutations, 
which cause to substitute amino acids of proteins and increase fitness, must be higher than those 
of synonymous mutation. DNA sequence analysis of genes revealed that frequencies of 
synonymous mutations, however, are higher than those of non-synonymous mutations. In fact, 
mutation rate in pseudogenes is found to be higher than that in functional genes.   
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Neutral theory emphasizes the role that mutation pressure and random genetic drift play 
in evolutionary changes of the population. This theory was summarized as: “This neutral 
theory claims that the overwhelming majority of evolutionary changes at the molecular level are 
not caused by selection acting on advantageous mutants, but by random fixation of selectively 
neutral or nearly neutral mutants through the cumulative effect of sampling drift (due to finite 
population number) under continued input of new mutations” (Kimura, 1991). 
 
Principle of phylogenetic study 
Phylogenetics is sometimes called cladistics because clade refers to set of descendent 
from a common ancestor. It is based on principle that members of a clade share a common 
evolutionary history and are more related to each other than to a member of another group. It 
means that descendent DNA sequences are diverged from a common ancestor sequence. Each of 
these descendent sequences independently starts to accumulate mutations, such as nucleotide 
substitutions. The numbers of these mutations are used as molecular clock to measure evolution 
of each descendent in a population.  
Therefore, every descendent DNA sequences have to share the same ancestral sequence 
in the phylogenetic analysis. However, recent phylogenetic analysis is being applied to analyze 
phylogeny of DNA sequences containing genetically recombined sequences, which were 
originated from hybridization among populations or species. In principle, phylogenetic analysis 
of DNA sequences containing the recombined sequences cannot infer the precise phylogeny. 
This means that molecular phylogenetics has deceived us in shrewd manner. 
Thus, most conducting phylogenetic studies can analyze only similarity of genetic 
composition. Phylogentic studies are prone to errors more than other researches in science 
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because of several factors. First is the limited understanding of the computational analysis of 
data, secondly selection of DNA marker for the study of interesting organism. Most of the 
Phylogenetic studies conducted are based on the principle of homology of descendents to their 
progenitors. The principle seems right for the diploids but study of polyploidy species and 
hybrids seems tricky where multiple genomes are involved.  
Because of recombination of genome in case of hybrids or polyploids integrity of genetic 
markers does not remain the same. For example chloroplast is deemed to be a good phylogenetic 
study because it does not recombine and is uni-parentally inherited. But this uniparental 
inheritance reveals only half of the percentage of a plant of hybrid origin. Thus such analysis of a 
hybrid may incorrectly identify them as belonging to a clade of one of two parents without 
revealing hybrid history. 
Authenticity of evolutionary tree strongly depends on the choice and accuracy of model 
used for the analysis. Therefore a good understanding of model which suits the requirement of 
concerned study and selection of parameters is critical in getting precise results. Otherwise it can 
lead to erroneous results because the programs used for such studies have default figures and just 
one click can give you can output that may be erratic and misinterpreted if we do not have a 
better understanding.  
 
Choice of DNA marker for phylogenetic study 
The most important aspect of phylogenetic study is the selection of DNA marker used for 
study. This choice of DNA marker makes a marked difference in the study and depends of the 
type of study. In principle anything from whole genome to a single gene can be use but it makes 
remarkable difference in the output of results. Likewise for a single gene: whole gene, part of 
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gene, coding or non-coding region (such as intron sequence) can be used. Similarly promoter and 
inter-genic spacer sequences can be used. Therefore the choice depends on the type of study. 
There is no universal DNA marker but highly conserved genes that are universally present and 
rarely subject to gene duplications or lateral gene transfer are more preferable. Choice of DNA 
marker should be made by keeping in concern the following issues: 
 
• In the species reproduced via out-crossing, recombination and mixing of genetic material 
occur and bring genetic variations in the resulting generation. Thus, hybridization brings 
confusion in choice of DNA marker to reveal lineage in such species. In the case study of 
a single gene or sequence, it is considered that highly conserved gene seems to be right 
choice.  
• Apart from the mixing of genomes by out-crossing, hybridizations are also complicated 
within the same genome. Genetic events such as duplication, deletion, mutation, and 
substitution, are frequently happened. These problems should be noticed for a particular 
phylogenetic analysis. 
• A third major challenge that greatly complicates phylogenetic inference is the occurrence 
of convergent and parallel evolution, which leads to lineages becoming more similar to 
each other. This occurrence of similarities that are not due to common ancestry is known 
as homoplasy.  
• If highly conserved sequence has not undergone genetic recombination, it can be the best 
choice to reveal complex lineage, such as in case of hybrids. If the integrity of sequence 
has been affected over the course of evolution then it will result in wrong interpretation 
of phylogenetic study. 
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Why whole genome analysis is not much productive 
Regarding whole genome analysis, DNA markers, like RAPD and RFLP, have been used 
and have proved to be good tool for the analysis of genetic diversity and population structure. 
But it has some down sides from the point of view of evolutionary study.  
• When we take into account the whole genome for finding lineage, it brings a lot of 
complexities. We know that only small portion of genome consists of coding region and 
rest of it is non-coding sequence. During the course of evolution, different genetic 
phenomena like duplication, deletion, and insertion that mutate the genomic sequences 
and produce genetic variations. Such events might lead to miss-interpretation when 
studying closely related species. 
 
Problems of phylogenetic study 
Concerted evolution 
Ribosomal DNA, encoding rRNA’s, is a widely adopted tool for phylogenetic study. The 
eukaryotic 45S rRNA genes are organized in tandem repeats, each of which is composed of 18S, 
5.8S, and 28S rRNA genes interrupted by two internal transcribed spacer (ITS1, ITS2) sequences. 
The molecular process that leads to homogenization of DNA sequences belonging to a given 
repetitive family is called concerted evolution. They are thought to have undergone strong 
concerted evolution that has resulted in homogenization of sequence among the tandem-repeats 
and this feature makes them attractive from phylogenetic study. Apparently this phenomenon 
seems attractive but inside story reveals some of complex mechanisms that put a question mark 
over its phylogenetic utility. Alvarez (2003) reviewed that ITS may face different fate following 
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hybridization in case of incomplete concerted evolution, either it may result in chimeric sequence 
or a sequence may be lost. 
 Thus, rDNA sequences which have variants because of incomplete homogenization, 
direct sequencing of PCR products will give erroneous results and poor lineage information. This 
problems becomes exacerbated in hybrids and allopolyploids where multiple rDNA are expected 
to present from different parent. 
 
Uniparental inheritance of chloroplast DNA 
Chloroplast DNA sequence is considered to be a good tool for phylogenetic study while 
its uniparental inheritance poses a problem in the analysis of paternal lineage in hybrid species. 
As chloroplast DNA is sometime substituted by repeated backcrossing, chloroplast analysis of 
hybrid plants will lead to misleading results and incorrect lineage study.  
 
PCR analysis of intron 19 in PolA1 gene 
Phylogenetic analysis of Brassica U triangle species was conducted using PolA1 gene 
(chapter 2 and 3). Intron 19 sequence of this gene proved to be very useful in identifying 
different species of Brassica and the intron 19 sequence showed particular length to each species. 
As this is single-copy nuclear gene so there was a single copy of gene per genome and separated 
diploid genomes from tetraploid genomes. The three diploid parental species (B. rapa, B. nigra 
and B. oleracea) of Brassica U’s triangle produced a single PCR product while the tetraploid 
species (B. carinata, B. juncea and B. napus) which resulted from the hybridization of the 
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diploid parental species produced double PCR products (Chapter 3, Fig. 2). More over B. rapa 
accessions were further divided into two groups based on the length of intron 19 sequence, 
named as Rapa-L (242 bp) and Rapa-S (183 bp). There was a clear identification the three 
parental genomes and their respective tetraploid species by intron 19. It might correspond to the 
presence of two ancestral lineages and also indicate the reason of morphological diversity of this 
species. It is quite possible that the parental species hybridized in different geographical regions 
that contributed to their morphological diversity.  
Recent whole genome sequencing of var. pekinensis ‘Chiffu’ of B. rapa (Wang et al. 
2011) has illustrated the three subgenomes of hexaploid ancestor. Hexaploid genome probably 
evolved by hybridization of diploid and tetraploid genome. Later, this hexaploid genome was 
reduced by deletion of some genomic regions by diplodization. Therefore, two PolA1 genes 
probably removed during the diploidization. Presence of multiple genomes gives insight of 
complex phylogeny of Brassica rapa demands highly conserved regions to be analyzed to 
decrease the possibility of erroneous results. The categorization of B. rapa accessions in two 
groups sheds light on the presence of two ancestral lineage in the past what were involved in the 
origin of B. rapa and gives an insight into the diaphyletic origin of B. rapa.  
Brassica rapa accessions were assigned to geographical groups in previous studies based 
on RFLP and AFLP markers (Song et al. 1988, Zhao et al. 2005, Warwick et al. 2008). In this 
study classification was made on molecular analysis of intron 19 sequence and not the 
geographical basis. B. napus when studied by intron 19 sequence produced two types of banding 
patterns (Chapter 3, Fig. 2) that can be explained by its diphyletic origin and which in 
compliance with the previous studies (Song and Osborn 1992, Okamoto et al. 2007).  
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Analysis of Ntag and intron 19 sequences in PolA1 gene 
Sequence analysis of Ntag and intron 19 grouped the three parental species into two 
clades; nigra and rapa/oleracea (Chapter 3, Fig. 4 and Fig. 5). More over a common 9-bp deletion 
was shared by some B. rapa and B. oleracea accessions manifest the origin of B. rapa and B. 
oleracea from a common ancestor (Lagercrantz and Lydiate 1996) and B. nigra from a separate 
lineage. This is also endorsed by previous studies (Song et al. 1990, Warwick and Black 1991, 
Pradhan et al. 1992, Sharma et al. 2014,). Speciation event then separated rapa/oleracea lineage 
into two species and resulted in the three diploid parental species about 3.75 mya. Later, 
hybridization of these three parental species resulted in tetraploids of Brassica U triangle which 
suggest incomplete reproductive isolation. Presence of huge morphological diversity in Brassica 
can be attributed to diverse geographical background, whole genome duplication and triplication 
(Town et al. 2006, Wang et al. 2011) and is thought to have a pivotal role in speciation event and 
genetic diversity. This polyploidization might have deleted some genes and evolved new 
function of some other genes.  
Chinese cabbage (B. rapa var. pekinensis) thought to have originated in China by natural 
hybridization between pak choi (var. chinensis) and turnip rape (var. rapa), followed by selection 
for heading types and adaptation to variable environments (Li 1981). All the accession of var. 
chinensis had S-type banding pattern while var. pekinensis had S-, L-, or both types of banding 
pattern (chapter 2, table 1). This elucidates the origin of Chinese cabbage that might have 
evolved by hybridization between S- and L-type ancestors in B. rapa. 
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Rate of nucleotide substitution between S- and L-type Ntag sequence of B. rapa 
accessions was determined in terms of % variation (Chapter 2, Fig. 5). It was interesting to note 
that in the 1200 bp of Ntag sequence, there was a variation of 10-15% in the last part (after 900 
bp) while there was no significant variation in the rest of sequence. This sheds light on some 
unknown mechanisms that resist recombination of this sequence in spite of interspecific 
hybridization over the course of evolution.  
 
Mechanism of species evolution 
Different mechanisms have been proposed for species evolution that includes speciation 
through geographic isolation, reproductive barriers, speciation under genetic drift and hybrid 
speciation. Hybrid speciation is of two types homoploid; which refers to origin of new hybrid 
lineage without change in chromosome number and polyploidy; speciation which is employed by 
increase of ploidy level by doubling of genome. Natural hybridization is an important 
mechanism of speciation in higher plants (Rieseberg 1997). Hybrids may combine characteristics 
from both parents and/or exhibit transgressive traits that allow ecological distinctiveness 
(Rieseberg et al. 2003, Seehausen 2004). 
Divergence of an ancestral lineage into two decedent lineages is not only the mechanism 
of speciation but sometimes hybridization of two diverged genomes evolves new species.  Like 
in case of Brassica, whole genome triplication and divergence from Arabidopsis gave rise to 
nigra and rapa/oleracea lineage; and resulted into three diploids B. nigra, B. oleracea and B. rapa. 
Later on these three diploids hybridized to form three amphidiploids. Molecular phylogenetics 
recognizes the speciation only by geographical speciation and denies the speciation through 
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interspecific hybridization. However speciation through interspecific hybridization is more 
frequent than geographical isolation. As we know that Brassica is self-incompatible and mode of 
reproduction is out crossing, so speciation through inter specific hybridization can be considered 
the more important mode of speciation. 
 
Utility of PolA1 gene 
Along with PolA1 gene we also analyzed DMC1 and EF-G gene, which are also single 
copy nuclear genes but could not get good results because these house-keeping genes can be 
functional after their genetic recombination. Thus, this short sequence of PolA1 gene  is more 
powerful to reveal the complex phylogenetic relationships due to its non-recombining trait. 
Low-copy nuclear gene can act as constructive marker to evaluate phylogenetics as they 
are less vulnerable to evolution (Small et al. 1998, Sang 2002). Sang (2002) affirmed that single 
copy nuclear gene can better assist in evaluating the phylogeny at intergeneric, interspecific and 
intraspecific level as compared to cpDNA or nrDNA. As PolA1gene scarcely recombines so the 
polymorphism of each species is conserved and can provide good footprints for revealing the 
phylogeny of complex species that evolved by inter-specific hybridization.  Intron 19 of PolA1 
has provided good quality phylogenetic relationship among species of Petunia (Zhang et al. 
2008), Oryza (Takahashi et al. 2009) and Triticum (Takahashi et al. 2009, Rai et al. 2012).  
Exciting feature of this sequence is that it is highly conserved within species and scarcely 
recombines in the inter-specific hybrids. Mechanism that suppresses genetic recombination in 
this sequences remains to be resolved but this trait makes it an excellent DNA marker to trace 
phylogeny of hybrid species. 
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Summary 
Chapter 2 
Analysis of PolA1 intron 19 and Ntag sequences reveals two ancestral lineages in the origin of 
the Brassica rapa complex and Chinese cabbage (B. rapa var. pekinensis) 
Brassica rapa L. used to be classified into two species, B. campestris L. and B. rapa L. 
These two species could easily hybridize each other but no molecular marker were found to 
discriminate between them. Therefore, these two species are now combined into one species, B. 
rapa. Because nuclear genomes have been genetically recombined through repeated inter-
specific hybridizations, most DNA sequences have lost their characteristics unique to each 
species. Thus, in order to trace the evolutionary lineage, it is important to analyze a DNA 
sequence that rarely recombines during meiosis in inter-specific hybrids. Sequences of 19th 
intron of the PolA1 gene, encoding the largest subunit of RNA polymerase I, in 33 accessions of 
B. rapa, showed either short (S: 183 bp) or long (L: 242 bp) type. Nucleotide tag (Ntag) 
sequences, protein-coding sequence (ca. 1.2 kb) among exons 19−21 of the PolA1 gene, in 20 
accessions were also classified into the same S- or L-types. Detailed sequence analysis showed 
that 13 single nucleotide polymorphisms (SNPs) in the 5’ half of Ntag sequence did not 
recombine between the S- and L-types. These data suggest that two ancestral lineages were 
present and were probably involved in the origin of Chinese cabbage because accessions of B. 
rapa var. pekinensis had PolA1 gene sequences of either the S- or L-, or both types. Two 
accessions of Rutabaga (B. napus var. rapifera, 2n = 38) contained both the S- and L-types of B. 
rapa (2n = 20), indicating that this species might be an allotetraploid between the two ancestral 
lineages, followed by two chromosome deletions.  
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Chapter 3 
Phylogeny of PolA1 gene Consistent with the Relationships of the U’s Triangle in Brassica 
Species 
The Brassica genus comprises various important species, of which three diploid species, 
Brassica rapa (A genome), Brassica nigra (B), and Brassica oleracea (C), yielded three 
different pair wise amphidiploids: Brassica juncea (AB), Brassica napus (AC), and Brassica 
carinata (BC), showing the “Triangle of U.” Although DNA sequences of many genes have been 
analyzed to reveal the relationships between A, B and C genomes, phylogeny of any single-copy 
nuclear gene has not supported the entire relationships of the U’s triangle. When intron 19 
sequence of PolA1 gene is amplified by using PCR, diploid species produced single product with 
a particular length specific to each species whereas amphidiploid species showed two products in 
a combination of two ancestral species. The relationships of U’s triangle were supported based 
on the length of PolA1 intron 19 sequence. In addition, B. rapa and B. napus accessions showed 
L- or S-type PCR product. This result suggested that two groups of B. napus were divergently 
originated from the amphidiploidization between B. oleracea and two progenitors of B. rapa. 
Phylogenetic relationships among Ntag sequences also supported the relationships of U’s 
triangle. Interestingly, L-type sequence of B. rapa var. pekinensis shared a 9-base deletion, 
encoding for three amino, acida, Lys-Glu-Asp, with B. oleracea. This result suggested that L-
type sequence of var pekinensis had genetically relationships with that of B. oleracea. RT-PCR 
of PolA1 mRNA clearly supported the relationships of U’s triangle. Three diploid species 
showed single PCR product with each particular length and three tetraploid species had two PCR 
products in the combination of two respective ancestral diploid species. We think that our results 
are the first molecular evidences supporting the entire relationships of U’s triangle.     
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